Topology-based potentials ͑also known as Gō-type models͒ have been widely used in the study of the protein folding problem. When a topology-based potential is applied, the structure of the native state of the protein considered has to be known in advance. This fact gives to these models a semiempirical character, and therefore the quality of the simulation results obtained for the folding transition relies, among other factors, on the accuracy of the experimental structural data employed. In this work, we use a topology-based potential to carry out folding simulations of a protein whose structure has been determined both with NMR spectroscopy and x-ray crystallography. This way, we have been able to establish to which extent the differences in the topologies of the two experimental structures, easily ignored in a standard structural analysis for this protein, affect the thermodynamic characteristics of the folding transition defined in the simulations.
I. INTRODUCTION
According to a relatively recent and widely accepted hypothesis, the conformational change of a polypeptide chain known as protein folding seems to be a minimally frustrated process. 1 This implies that the energy landscape of protein folding can be defined to have a funnel-like shape, [1] [2] [3] so that the interactions leading the process are in an optimal situation at the native state. Therefore, a potential whose attractive part is based on the inter-residue contacts present in the protein native state can provide a simple but adequate representation to study the characteristics of the folding process. These topology-based ͑or Gō-type͒ potentials define perfect folding funnels and have been widely used to study folding pathways [4] [5] [6] [7] [8] and intermediates. 9, 10 Moreover, they have also been applied to study the thermodynamic characteristics of the folding transition. 11, 12 All these studies have stated that a direct relationship exists between the topology of the native state and the kinetics of the folding process, and recently also with the presence or not of a free energy barrier between the native and the denatured state. 12 In topology-based potentials, an attractive interaction is defined for those pairs of amino acids that are in contact in the native state. Therefore, its structure has to be known in advance to any calculation. Thus, the quality of the simulation results obtained with these potentials obviously depends on the accuracy of the experimental data available for the particular protein under consideration.
The structure of the native state of a protein can be found in the Protein Data Bank ͑PDB͒, 13 which is the database where all the experimentally solved protein structures are deposited. These structures are resolved mainly with x-ray crystallography or nuclear magnetic resonance ͑NMR͒ spectroscopy. Although the former technique analyzes an artificially packed solid state of the protein and the latter considers the protein in liquid solution, several studies have concluded that there should not be substantial differences between the structure of a protein determined with NMR or x-ray crystallography, at least at the level of the backbone fold. [14] [15] [16] [17] [18] [19] Nevertheless, NMR structures frequently consist of an ensemble of slightly different structures, while a single structure is obtained when using x-ray crystallography. Furthermore, due to experimental considerations, NMR structures are usually of lower quality than x-ray structures. [20] [21] [22] [23] In addition, molecular dynamics studies starting from folded structures have shown that NMR structures seem to be less stable than x-ray structures. 24 Therefore, it is reasonable to assume that the experimental technique used for resolving a protein structure may equally play an important role when using a topology-based model. It is thus important to establish to which extent the results obtained with a certain topology are affected by the experimental technique employed in structure elucidation.
To determine how the performance of a topology-based potential depends on the experimental data, we have simulated the thermal folding-unfolding equilibrium of the immunoglobulin-binding domain of streptococcal protein G ͑sometimes called GB1 protein͒ using one potential of this family recently described. 25 The structure of this protein has been resolved both with NMR and x-ray crystallography so that its structure in the database can be found under the PDB codes 2GB1 ͑Ref. 26͒ and 1PGB, 27 respectively. The present study allows us to establish the differences and similarities between both structures, and specially how the variance bea͒ tween them, being small, affects the thermodynamic characteristics of the simulated folding transition of GB1 when a topology-based potential is used.
II. THE MODEL AND SIMULATION METHOD
In this work we use a coarse grained model in which each amino acid is represented by a hard sphere centered at its alpha carbon ͑C ␣ ͒. The distance between consecutive C ␣ atoms is fixed at 3.8 Å, which corresponds to a trans peptide bond. A hard repulsion between nonbonded spheres, to prevent the system from undesired overlappings at short distances, is the only nonattractive interaction. The attractive interactions appear solely between pairs of alpha carbons which are in contact in the native state and close in space in a given conformation. In our model, these attractive contributions are defined by the function
where d ij nat represents the distance between the pair of C ␣ atoms for the residues in contact in the native conformation. The parameter a controls the width of the attractive well. A value a = 0.7 Å has been proven to be quite appropriate in previous work. 25 On the other hand, the contact map employed to define the native topology ͑and therefore the pairs of residues subjected to the attractive interactions defined above͒ is calculated by taking into account all the heavy atoms ͑nonhydrogens͒ forming part of the protein structure. Two residues are considered to be in contact in the native state if the smallest distance among all the possible pairs involving heavy atoms belonging to both residues is smaller than or equal to 4.5 Å.
This potential has been optimized and thoroughly studied in previous works. 25, 28 It has also been shown that it gives reasonable results, when compared with experimental observations, for the thermal folding transition of the GB1 protein considered in this work. 12 In order to be able to simulate, in a reasonable computational time, all the temperature range spanned by the folding transition, we have employed a parallel-tempering Monte Carlo simulation algorithm. 29 A complete set of moves 25 makes it possible to sample all the conformations accessible to the polypeptide chain at the different temperatures simulated. After each move, the conformation is checked to have no overlapping and the energy is calculated. A standard Metropolis test is employed to establish the probability of accepting a new conformation. The number of temperatures employed for every parallel-tempering simulation in this work ranges from 16 to 18. Every simulation consists of 5 ϫ 10 6 Monte Carlo cycles, after a set of 3 ϫ 10 6 additional equilibration cycles ͑at every temperature͒, starting from a random conformation. In each cycle, the movement of every bead in the chain is attempted, and an exchange between consecutive temperatures is tried every 5000 Monte Carlo cycles. Every simulation takes approximately 4 h in a single processor computer and, to warrant a correct sampling, five independent simulations are run for each system studied. The numerical results presented here are statistical averages over the sampling at every temperature and over the five independent runs.
The mathematical treatment of the results of our simulations has been done using the weighted histogram analysis method [30] [31] [32] ͑WHAM͒ in order to obtain statistically reliable results for the thermodynamic properties along the folding transitions simulated.
III. RESULTS AND DISCUSSION
The main goal of this study is to determine the influence of the experimental technique employed for the determination of the native structure of a protein in the performance of the topology-based potential and simulation model previously described. For this aim we have chosen a protein whose structure and folding transition have been characterized using different experimental techniques. GB1 protein has been established to fold in a cooperative, all or none manner, without detectable thermodynamic intermediates, [33] [34] [35] [36] [37] although the possibility of detectable kinetic intermediates ͑molten-globule-like͒ is still a matter of very active research. 38 As already said, the structure of this 56 residue protein has been resolved with x-ray crystallography ͑1PGB͒ and NMR spectroscopy ͑2GB1͒. As a matter of fact, the NMR structure 2GB1 corresponds to a minimized average structure from 60 models originally derived from the NMR data ͑and deposited under the PDB code 1GB1͒. However, the variability in the structures and contact maps of these 60 models is so small that we consider here the averaged structure 2GB1 as the representative of the NMR structure.
In the upper part of Fig. 1 we show a superposition of both structures. This superposition has been done in the standard way to calculate the root mean square ͑rms͒ deviation between alpha carbons in both structures. This can make the differences between both structures to concentrate in the alpha-helical region, smaller than the beta-sheet region. However, the rms deviation between alpha carbons in both structures has a value of 1.18 Å, which is a quite small value, taking into account, for example, that the x-ray structure has a resolution of 1.92 Å. As it can be seen in this figure, both experimental methodologies ͑and all the subsequent numerical treatment and data refinement involved by any of them͒ produce a very similar structure, with two ␤-hairpins forming a ␤-sheet and a central ␣-helix packed against it. At first sight, both structures could be considered essentially identical in this representation.
However, in order to properly characterize the topology of a protein structure, especially for a contact map definition, the side chain positions have to be taken into account, since there are the atomic contacts which clearly determine the protein packing, and therefore its structure. In panel ͑b͒ of Fig. 1 we show the corresponding contact maps, with the upper left triangle corresponding to the x-ray structure and the lower right triangle to the NMR one. In these contact maps, a colored bit in position ͑x , y͒ means that the amino acids x ͑abscissa͒ and y ͑ordinate͒ are in contact in the native structure, according to the heavy atom distance threshold defined above. Again, a first comparison of these contact maps shows that, even at this level, the two topologies are very coherent to each other. The distribution of contacts over the map is quite similar for both structures. The general trends are identical, but small differences arise, mostly in regions corresponding to contacts between different elements of secondary structure. We will come back on these below. The important point is that, according to our simulations, these small differences create a somehow distinct behavior in the thermodynamic properties of the folding transitions observed.
To characterize these thermodynamic characteristics, we have calculated in first place the heat capacity of the system at every temperature, computable from the energy fluctuations along the simulations. We always get for this protein a sharp peak corresponding to a narrow and well defined thermodynamic transition. The maximum of this peak serves as a measure of the equilibrium folding temperature T m ‫ء‬ ͑the star implying the reduced units for temperature and energy we use along this work 25 ͒. We get a small difference in this equilibrium temperature for both structures, being 0.63 for 2GB1 and 0.65 for 1PGB. This small difference in the value of T m ‫ء‬ may be related to the fact that 1PGB has four contacts more than 2GB1, although the exact distribution of contacts may also play a role. In order to compare the width of both transitions, we have normalized the heat capacity curves according to the corresponding folding temperature ͑T m ‫ء‬ ͒ and to the maximum heat capacity ͑C v ‫ء‬ ͑T m ‫ء‬ ͒͒. This way we obtain Fig. 2͑a͒ , where it can be seen that both curves have essentially the same properties. Nevertheless, it can be noticed that the transition defined for the x-ray structure 1PGB is slightly wider than the one defined by the NMR structure 2GB1, probably implying a slightly less cooperative transition.
To have a better insight into the thermodynamics of the folding transition of this protein, as defined by both structures in our simulations, we have obtained and analyzed the free energy profile and the energy distribution for the system at T m ‫ء‬ . These properties are calculated using the WHAM technique. In Fig. 2͑b͒ we show these free energy profiles ͑dotted lines͒ and energy distributions ͑continuous lines͒ at T m ‫ء‬ for the simulations using both types of experimental structures. Although the heat capacity curves do not differ substantially, the results of Fig. 2͑b͒ indicate that the thermodynamic properties of the folding transition more importantly depend on the experimental structure used to define the contact map. In first place, the map provided by the NMR structure 2GB1 yields a larger free energy folding barrier than the map from the x-ray structure 1PGB. Taking into account that the experimental thermal equilibrium unfolding temperature for this protein is about 80°C ͑Ref. 39͒ and that our reduced equilibrium temperature is T m ‫ء‬ Ӎ 0.64, this would imply a free energy barrier of the order of 4 kJ mol −1 from the data of 1PGB and about 8 kJ mol −1 from the data of 2GB1. An important difference, even at this very approximate scale, since especially the first value is relatively low for a protein that has been thought to fold cooperatively.
Furthermore, the energy profiles can be related to the structural diversities of the folded and unfolded states in equilibrium at the transition temperature. It is easy to appreciate in the solid curves of Fig. 2͑b͒ that the folded state ͑the peak at lower energies͒ for 2GB1 is better defined than the one for 1PGB in terms of conformational variability. While the denatured state at T m ‫ء‬ has very similar energetic ͑and therefore structural͒ characteristics for both contact maps, the peak in the energy distribution corresponding to the folded state is much wider for 1PGB than for 2GB1. This means that this folded state includes conformations more different from one another when the structure 1PGB is used for the simulations than when using 2GB1.
To understand the origin of these differences in the thermodynamic and structural properties of the transition, it is necessary to compare in more detail the contact maps of Fig.  1͑b͒ . To highlight the results of this analysis, in Fig. 3 we 
FIG. 1. ͑Color͒ ͑a͒
Optimal superposition of the backbones corresponding to the x-ray structure ͑PDB code 1PGB, yellow͒ and the NMR structure ͑PDB code 2GB1, green͒ of the immunoglobulin-binding domain of streptococcal protein G. ͑b͒ Contact maps for the x-ray ͑upper left triangle͒ and NMR ͑lower right triangle͒ structures. The discontinuous lines mark the limits between the secondary structure elements present, defined according to the header in the x-ray PDB file.
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show only the contacts that are different in both structures. In this figure, the contacts that appear in 2GB1 but not in 1PGB are colored in green and plotted in the lower right triangle, while those contacts that appear in 1PGB but not in 2GB1 are colored in orange and plotted in the upper left triangle of the map. It can be seen that it is not only that 1PGB has 4 additional contacts, as we had already mentioned, but there are also another 11 contacts different in both structures. The major discrepancies in the experimental structures lie in the region of contacts between the ␤-sheet and the loops ͑where 1PGB has more contacts͒ and between the ␣-helix and the ␤-sheet ͑where some contacts appear in the 2GB1 structure and not in the 1PGB one͒. In the original structural studies made about this protein with x-ray crystallography, Gallagher et al. already established some differences with the structure resolved with NMR. The most significant differences are at the loops, where the NMR structure is less compact than the x-ray one, 27 which agrees with the observations made in Fig. 3 . However, although the contacts are not strictly the same in a number of cases they are somehow equivalent, which means that they appear at positions almost symmetrical with respect to the map diagonal. The differences therefore are apparently minor, and of course they are not enough to define completely different thermodynamic transitions. For both structures, the folding transition we get from our simulations takes place in a cooperative manner in the sense that the thermal transition appears in a narrow temperature interval, and there is a free energy barrier between the folded and the denatured state. This means that the general topology described by both structures produces qualitatively the same type of transition. Nevertheless, the 15 different contacts shown in Fig. 3 play an important role in the height of the barrier and in the conformational definition of the folded state at T m ‫ء‬ . These differences may be due to the contacts present in 1PGB that 2GB1 lacks or to the contacts that are in the map of 2GB1 but not in the map of 1PGB.
To establish which of these contacts are responsible for the change in the characteristics of the folding transition, we have designed a new set of simulation calculations through the design of new contact maps. We have started from the contact map of 1PGB and have modified it in two different ways: artificially creating or erasing contacts in the map, generating what we have called "computational mutants," which try to define intermediate situations between 1PGB and 2GB1. When we erase a contact between two residues i and j, it means that we just suppress the attractive interaction u ij from the energy calculations. When we create one, we consider the corresponding attractive term according to Eq. ͑1͒, with its native distance d ij nat , even though the heavy atoms of these two residues do not hold the cutoff distance considered in this work. We do not change the native distances from the experimental structures at all, and therefore the method is more a tuning of the interactions defined than any kind of structure refinement.
The contact maps of the four different computational mutants defined in this work can be seen in Fig. 4 , where we also show the free energy profiles at T m ‫ء‬ , calculated from the results of the simulations carried out for each mutant, together with those from the two original contact maps.
In first place, we have erased a few contacts in the 1PGB contact map to check whether the higher number of contacts of 1PGB may explain why its folding transition is less cooperative. As 1PGB has four contacts more than 2GB1, in mutant 1 four contacts have been removed from the original contact map of the x-ray structure. These contacts are in the region of interaction between the ␤-sheet and the loops. As seen in panel ͑b͒ of Fig. 4 , the free energy barrier does not increase substantially. However, the minimum in the free energy profile corresponding to the folded state becomes a little narrower, indicating a better structural description of this state than that for the "wild structure" of 1PGB.
On the other hand, in mutant 2 some contacts that appear in 2GB1 but not in 1PGB are "activated" in the contact map of 1PGB. These contacts are in the region of interaction between the ␣-helix and the ␤-sheet, where 2GB1 has more contacts than 1PGB. For this mutant the free energy barrier is also higher than for 1PGB and the folded state is better defined.
Mutant 3 is a combination of mutants 1 and 2. The results obtained for mutant 3 are also a combination of the observations made for the previous ones: The free energy barrier increases and the folded state free energy minimum narrows. This points out the relevance of both types of contacts.
Finally, when four additional contacts, belonging to the region of interaction between the ␤-sheet and the ␣-helix, are erased in the mutant 3 map, the folded state becomes narrower, as can be seen in the mutant 4 free energy profile. However, the free energy barrier does not increase at all regarding the situation of mutant 3, probably as a consequence of the use of the same native distances in all the cases, as mentioned above.
The modifications introduced in these four mutants lead to a more homogeneous distribution of the contacts between the different secondary structure elements. This homogeneity leads to a higher cooperativity of the transition and a lower conformational variability of the folded state that appears at T m ‫ء‬ . Although all these thermodynamic observations are useful, one advantage of the simulation is that it can also give us a direct information about the conformations appearing along the folding transition, something that will help us to better discriminate the effects of the contact maps employed. To characterize the folded state present at T m ‫ء‬ , we have calculated the frequency of each native contact in the ensemble of low energy configurations sampled at T m ‫ء‬ . This frequency of the native contacts is represented as a map in Fig. 5 , where The contacts that appear in 1PGB but not in 2GB1 are colored in orange, while those that appear in 2GB1 but not in 1PGB are colored in green, as in Fig. 3 . The contacts erased from the 1PGB map are colored in blue and circled. The contacts activated in the 1PGB map are colored in gray and squared. The discontinuous lines mark the limits between the secondary structure elements. ͑b͒ Free energy profiles at T m ‫ء‬ for 2GB1, 1PGB, and its four "mutants." the colors correspond now to the frequency scale; the darker the color, the more frequent the contact appears in this state. We show the maps for the two original structures of 2GB1 ͑NMR͒ and 1PGB ͑x-ray͒, together with the four intermediate "mutants" defined above. In the native contact frequency map of 2GB1, it can be appreciated that the contacts corresponding to the ␤-sheet, the ␣-helix, and the packing of both to each other are formed with a comparable high frequency. This means that the folded state that appears at T m ‫ء‬ when using the 2GB1 contact map is formed by configurations that have the two secondary structure elements well formed, together with a compact global structure, and are therefore quite similar to the actual native structure. In other words, the thermal fluctuations present at this temperature slightly affect the structure of the folded state, but it essentially keeps the native topology along the full chain, as expected for a protein that folds cooperatively without thermodynamic intermediates. On the contrary, when using the 1PGB contact map, the frequency of the contacts stabilizing the ␣-helix is clearly smaller than for the contacts corresponding to the ␤-sheet. This means that, comparatively, the helix is less stable than the ␤-sheet in this x-ray structure, at least with the contact definition employed in this work. In a limiting case, such difference between relative stabilities might create the presence of a ͑real or artificial͒ thermodynamic intermediate along the thermal folding transition since more stable regions would be able to remain highly populated up to higher temperatures than less stable ones. 25 In the results obtained in this work, a thermodynamic intermediate does not appear since it would imply a second peak and a minimum in the heat capacity curve, something we have not observed in Fig. 2͑a͒ . However, when we use our model with the 1PGB map, the folded state includes configurations with the helix fully formed as well as configurations in which it is worse defined or even, in some cases, not formed at all. All these configurations have different energies, and this is why the folded state free energy minimum is wider when this structure is used to compute the contact map.
In addition, when the contact map of 1PGB is modified as done in our computational mutants 1-4, the frequency of contact formation for those interactions stabilizing the ␣-helix increases for the low energy state present at T m ‫ء‬ . We can appreciate in Fig. 5 that the frequency of the helix appearance increases in the four mutants with respect to 1PGB, which implies a lower conformational variability of the native state. Therefore, the configurations forming the folded state are more similar to one another in structure and energy, which explains the narrowing of the corresponding free energy minimum, and as a consequence also the increase in the free energy barrier. The mutants never reach the level of uniform stability along the full structure shown by 2GB1, which also explains the highest free energy barrier of the latter.
As a conclusion of the results observed for these computational mutants, it can be said that the additional contacts present in the native 1PGB structure lead to an increased stabilization of the ␤-sheet with respect to the ␣-helix. Therefore, at T m ‫ء‬ , the folded state is worse defined when using the 1PGB contact map. When some contacts stabilizing the ␤-sheet are erased, the full system is very slightly destabilized ͑let us recall that 2GB1 shows a T m ‫ء‬ value slightly less than 1PGB͒, but at the same time this discrepancy in the stability of the different secondary structure elements disappears, producing not only a more cooperative transition ͑higher free energy barrier͒ but also a better definition of the folded state present at this temperature. The same happens when some contacts stabilizing the ␣-helix are added so that its stability becomes comparable to that of the ␤-sheet.
IV. CONCLUSIONS
In this work we have studied the influence of the experimental technique employed for protein structure determination on the performance of a topology-based potential by using as an example the immunoglobulin-binding domain of streptococcal protein G.
It has been shown that the results obtained using a structure of this protein resolved with NMR are qualitatively similar to those obtained when using the structure of the same protein resolved with x-ray crystallography. For the GB1 protein chosen for this study, the folding transition is defined in our simulations as a two-state cooperative process for each contact map, with a free energy barrier between the folded and the denatured states, in agreement with the thermodynamic experimental results. However, the apparently small differences between the two structures play an unex- ͑Color͒ Native contact frequency maps of the low energy conformations sampled at T m ‫ء‬ using the 2GB1, 1PGB, and the mutants maps. The legend indicates the frequency that a given contact appears along the recorded simulation so that a darker color means a higher frequency.
pected important role in the height of the free energy barrier and on the conformational variability of the folded state that appears at the transition temperature T m ‫ء‬ . We have observed that a distribution of the native contacts stabilizing one particular secondary structure element ͑in this case, the ␤-sheet͒ more than the other ͑the ␣-helix͒ produces a worse definition of the folded state. Our results clearly show that these subtle differences may be quite significant for the performance of a topology-based potential for protein folding. Although our simulation methodology does not allow us to extract kinetic information about the folding process, it is reasonable to assume that a lower free energy barrier and a wide and far from symmetric free energy minimum for the folded state at T m ‫ء‬ , as it appears when using the x-ray structure, will clearly also influence the dynamic characteristics of the transition when this is studied through the use of topology-based models. 40 Of course, a better description of the interactions related to the amino acid sequence should also be taken into account to properly describe the different dynamic steps along the folding pathway, 38 something beyond the scope of the present work.
In 2GB1 the contacts are better distributed among the different secondary structure elements. For this structure, the simulated folding transition is more cooperative than for 1PGB. This confirms a previous conclusion that native topologies, which show a more homogeneous distribution of the contacts, rise a higher free energy barrier. 12 It is not the aim of this work to establish whether a map is better than the other or whether an experimental technique is more appropriate than another. It could be expected from the very beginning that a possible good performance of these topology-based potentials relied on the quality of the experimental structural results available, and we have found exactly that. However, our work has clearly pointed out the great influence that the contact map chosen has in certain aspects of the folding transition, and therefore the careful analysis that has to be carried out to properly compare this type of computer calculations with real folding experimental data. Topology-based models have been sometimes probably overworked without carefully considering the structural dependence we have analyzed in this work. According to our results, this may not be so important when qualitatively considering the main characteristics of a protein folding transition. On the other hand, it can be crucial if one tries to use these models to obtain quantitative information regarding thermodynamic properties or dynamic magnitudes of the process.
